1 Although much work has focused on understanding how the invasive brown marmorated stink bug, or Halyomorpha halys, responds to pheromonal stimuli, very little research has explored the response of H. halys to plant volatiles and other host stimuli. The present study aimed to determine (i) whether more acceptable, less acceptable or unacceptable host plants augmented with plant volatile mixes and/or pheromone can enhance the retention capacity of plants for H. halys in the field and (ii) whether plant volatiles [apple, peach or green leaf volatile (GLV) mixtures] can increase attraction to pheromone-baited pyramid traps. 2 The presence of the H. halys pheromone was the primary factor in increasing the retention capacity of tagged, released adults to host plants, although plant volatile mixtures added a small increase in retention. Plant species helped to modulate the effectiveness of both the pheromone and additional plant volatiles in retaining individuals. Plant volatiles did not increase attraction of adults to baited pyramid traps and may have inhibited the attraction of nymphs. 3 Overall, the results of the present study suggest that host plant stimuli, construed broadly, are important for the foraging decisions of H. halys, although further research is needed to identify the most effective stimuli.
Introduction
The chemical ecology of plant-insect interactions is an important aspect to consider when developing integrated pest management (IPM) programmes for specialty crop production. For example, many herbivores use plant volatiles in host-finding (Liu et al., 2016) , as well as mating (Tooker et al., 2002) and oviposition (Coapio et al., 2016) . In addition, plant-derived volatiles often play a vital role in the recruitment of natural enemies as bodyguards for plants (Dicke, 2009) . Importantly, plant volatiles can also be used to augment attract-and-kill technology (Piñero & Prokopy, 2003) , synergize attraction to aggregation pheromones (Dickens, 1989) and, more generally, increase the efficacy of pheromone-based technology (Kovanci, 2015) , while decreasing costs associated with its deployment. pheromone of Plauti stali Scott (Hemiptera: Pentatomidae), was found to be cross-attractive in the late season to H. halys (Khrimian et al., 2008; Aldrich et al., 2009) . More recently, the two-component, male-produced H. halys aggregation pheromone has been synthesized and identified as (2S, 6S, 7R, 10S)-10,11-epoxy-bisabolen-3-ol and (3R, 6S, 7R, 10S)-10,11-epoxy-bisabolene-3-ol (hereafter referred to as aggregation pheromone) . This two-component pheromone is attractive to each sex and all nymphal stages of H. halys. Moreover, combining MDT and the aggregation pheromone results in a synergistic effect on attraction . Mixtures of the stereoisomers of 10,11-epoxy-1-bisbolen-3-ol, even those not present naturally, were not found to be inhibitory, with some being moderately attractive to H. halys (Leskey et al., 2015a) . Importantly, the combination of the H. halys aggregation pheromone and MDT comprised effective stimuli for season-long trapping of H. halys adults and nymphs in the U.S.A. (exotic range: Leskey et al., 2015b) , as well as in the Republic of Korea (native range: Morrison et al., 2017) . These pheromone-based tools have been used to develop an attract-and-kill tactic in apple orchards to manage H. halys (Morrison et al., 2016) , as well as decision support tools .
In addition, there has been much work on identifying the volatiles present in the headspace of tree fruit. For example, peaches have been found to mainly produce linalool, hexyl acetate, hexanol and a host of other minor components (Visai & Vanoli, 1997) and the headspace volatiles have been found to significantly fluctuate over developing phenology for both peach and apple (Casado et al., 2006; Najar-Rodriguez et al., 2013) . Apples have been found to primarily emit hexyl acetate, (E)-2-hexenal, limonene and many minor components, and its headspace composition has been found to shift during the diurnal time course (Bengtsson et al., 2001; Casado et al., 2006) . These plant-derived volatiles were shown to have biological activity with common orchard pests, including Cydia molesta (Lepidoptera: Tortricidae), which was attracted to peach shoot volatiles, as well as a mixture of (Z)-3-hexen-1-yl acetate, (Z)-3-hexen-1-ol, and benzaldehyde (Natale et al., 2003) . Green leaf volatiles (GLVs) are C6 molecules (n-hexanols and n-hexanals) that play an especially major role in the emissions from peach (composing over 50% of the headspace: Natale et al., 2003) and GLVs themselves are ubiquitous signals across plant taxa (Matsui, 2006) . In many cases, host-finding by phytophagous insects involves a mixture of compounds common across plant taxa (de Bruyne & Baker, 2008; Szendrei & Rodriguez-Saona, 2010) .
Despite the preponderance of work on the basic chemical ecology of H. halys to pheromonal compounds, very few studies have specifically investigated plant-derived volatiles, host stimuli, and their role in the the attraction and retention of this pest. A study reported by Zhang et al. (2014) evaluated various essential oils as repellents for H. halys and found that the most inhibitory mixtures were clove, lemongrass and spearmint oil, in addition to a ternary blend of those oils, which almost completely blocked attraction to pheromone-baited traps. The compounds most likely responsible for the reduction in attraction were eugenol, l-carvone, methyl salicylate, methyl benzoate and -caryophyllene, amongst others .
More recently, Morrison et al. (2016) reported that the host plant at which the H. halys aggregation pheromone was deployed affected the retention time of adults. In particular, when the pheromone was deployed with a nonhost (mowed grass), the residency time was decreased compared with when the pheromone was deployed with a host that had resources of interest for H. halys such as apple (Morrison et al., 2016) . The pattern is especially notable because the unbaited apple and mowed grass plots in their study had similar residency times. This suggests that the addition of host stimuli and other semiochemicals, such as plant volatiles and the H. halys aggregation pheromone, may be able to modulate the attraction and retention capacity of traps and plants for improved monitoring and management of this invasive species. The present study aimed to determine (i) whether more acceptable, less acceptable or unacceptable host plant species augmented with plant volatile mixes and/or pheromone can enhance the retention capacity of plants for H. halys in the field and (ii) whether plant volatiles (apple, peach or GLV mixtures) can increase attraction to pheromone-baited or unbaited pyramid traps.
Materials and methods

Experimental insects for host foraging assay
Adult H. halys used in the host foraging assay below were hand-collected between 20.00 and 23.00 h from dusk- 
Tagging of insects for host foraging assay
Approximately 24 h prior to deployment in the field in the host foraging assay, adults were retrieved from the semi-field cage described above and brought back to the laboratory to be tagged. L-shaped tags (9 × 1.5 mm) were constructed that contained a loop near the base. A single rectifier diode (M/A-COM Tech Solutions, Lowell, Massachusetts) was attached to the loop of the tag with Kester glue. The tag was then glued to the sanded pronotum of an adult (details of tag construction and attachment are provided in Lee et al., 2013b) . Harmonic radar tags have been shown to have no to negligible effect on the behaviour, mobility and survival of H. halys, and are readily detectable in agricultural landscapes (Lee et al., 2013b (Lee et al., , 2014 Morrison et al., 2016; Blaauw et al., 2017) . Once adults were tagged, they were placed individually in small plastic containers (height 11.5 cm, radius 7.5 cm) with a moistened water wick and a lid and stored overnight in a climate-controlled room under an LD 16 : 8 hour photocycle at approximately 23 ∘ C and >50% relative humidity.
Host foraging assay
To evaluate the effect of a combination of plant species, the presence of H. halys aggregation pheromone and the presence of supplemental plant volatile mixtures on the retention capacity of H. halys adults, a three-way factorial experiment was implemented. Tagged insects (as described above) were released on three arboreal plant species varying in suitability: Japanese maple (Acer palmatum Thunb., an unacceptable host: Bergmann et al., 2016) , apple (Malus pumila Miller, a less acceptable host: Acebes-Doria et al., 2016) and peach (Prunus persica (L.), a more acceptable host: Acebes-Doria et al., 2016) . The Japanese maple were 2-3 years old (Potomac Farms Nursery and Greenhouses, Shepherdstown, West Virginia), potted (27.5 L) and were placed on a mowed grass landscape spaced at least 50 m apart and watered ad libitum. The apple and peach trees were located in research plots at AFRS, with the former 8-10 years old and the latter 6-10 years old, although both had fruit during the sampling interval. The trees in the apple orchard were spaced 1.8-3.7 m apart in rows 4.9-5.5 m from each other, whereas the trees in the peach orchard were spaced 4.9 m apart in rows 6.1 m from each other. Sampled trees within orchards were spaced at least 50 m apart. There were a total of eight release trees of each species during the course of the experiment.
Each host plant contained a lure with the H. halys aggregation pheromone hung on the plant or lacked the pheromone. The aggregation pheromone lures were formulated in a high-dose release device containing 84 mg of 10,11-epoxy-1-bisabolen-3-ol (ChemTica International SA, Costa Rica) (Morrison et al., 2016) . The pheromone synergist, MDT, was also deployed in the host foraging study. New lures were used for each new week of the experiment (lures typically last 4 weeks) (Morrison et al., 2016) . Moreover, each plant species was also augmented with a mixture of apple fruit volatiles, peach fruit volatiles, GLVs or none at all. The mixture of plant volatiles were constructed based on the proportions found in headspace in prior studies (Table 1) (Bengtsson et al., 2001; Casado et al., 2006; Najar-Rodriguez et al., 2013) , with a total mixture of 4 mL deployed in volatile-permeable dropping bottles (15 mL, LDPE; Wheaton, Millville, New Jersey). A prior study using the same bottles with twice the volume of plant volatile (e.g. 8.0 mL of benzaldehyde) had a release rate equal to approximately 228 mg/day at 25 ∘ C (Leskey & Zhang, 2007) . The plant volatiles were replaced every week during the course of the trials. In total, there were 24 treatments and a total of 14 adults released per treatment. Seven adults were released per treatment from 13 August to 15 September 2015, and the same number from 4 August to 10 September 2016. Each individual was considered a replicate. Treatments were re-randomized after each release.
Tagged adults were released prior to dawn to avoid adversely affecting their behaviour and placed in the immediate vicinity of the semiochemical stimuli near the center of the plant. A harmonic radar unit (Colpitts & Boiteau, 2004; Boiteau et al., 2011) was used to search for the adults at 1, 3, 6 and 24 h after release. To avoid false positives, the target was always visually acquired after audible confirmatory sounds from the harmonic radar system. If the adult could not be found in the release tree, the adjacent trees were searched in an orchard (in the case of apple and peach) or a radius of 5 m around the host plant was searched (for Japanese maple). Before searching at each site, the harmonic radar was recalibrated to the moisture level in the background landscape to avoid false positives and was tested with a positive control for quality control. For each sampling event, the retention time and the distance moved from the release point were recorded. In the case of a missing adult, the maximum distance from its last known location to the farthest area searched was recorded. Finally, the pheromone and plant volatile lures were left out on the host plants for 48 h after release and, at the end of that period, each host plant was beat sampled five times to establish whether wild adult or nymphal H. halys were attracted to and retained by various treatments. The beat sampling was repeated after the conclusion of five releases in 2015.
Two separate anovas were performed, with adult retention time or distance moved from the release point as the response variables. Each model had the same structure, namely with plant species (Japanese maple, apple or peach), H. halys aggregation pheromone + MDT (present or absent) and plant volatile mixture (apple, peach, GLV mixture or none), as well as first-order interactions between variables. The residuals were inspected for each model to assess assumptions of normality and homoscedacity. To conform to model assumptions, retention time data were log-transformed. Upon a significant result from the anova, pairwise comparisons were performed using Tukey's honestly significant difference test (HSD). For this and all other statistical tests, = 0.05 (except where otherwise noted) and r Statistical Software (R Core Development Team, 2016 ) was used.
To analyze the beat samples, two generalized linear models (GLMs) were used, with adults or nymphs as the response variables. Each model was based on a quasi-Poisson distribution to account for the effects of overdispersion in the dataset (Aho, 2014) , which can artificially deflate the standard error estimates. Each model had the same specification, with host plant species, H. halys aggregation pheromone and plant volatile mixture as explanatory variables, as well as the first-order interactions. Pairwise comparisons were conducted with a chi-squared test and Bonferroni correction for P-values.
GLV and pheromone field trapping
To assess attraction of H. halys to traps baited with GLVs, a 7-week trapping experiment was conducted during the peak of H. halys field activity (Leskey et al., 2015b) from 8 September to 20 October 2015. For all trapping experiments, large (height 1.22 m, base width 0.5 m), black pyramid traps (AgBio Inc., Westminster, Colorado) with a jar top (specifications found in Leskey et al., 2015b) were employed. In each trap, there were one of three treatments deployed: GLVs only (4.0 mL in LDPE bottle) (for formulation, see Table 1 ), H. halys aggregation pheromone + MDT only (Pher) and GLV + Pher. The H. halys aggregation pheromone lures contained a combination of 5 mg of 10,11-epoxy-1-bisabolen-3-ol, and 50 mg of MDT (Trece, Inc., Adair, Oklahoma). The lures were not changed during the course of the experiment because they have been shown to remain attractive for >8 weeks (B. D. Short and T. C. Leskey, unpublished data). To prevent escape of adults from the collection jar, a 5-cm piece of Hercon Vaportape II (Hercon Environmental, Emigsville, Pennsylvania) that contained 10% 2,2-dichlorovinyl dimethyl phosphate was placed in the jar along with the lure and changed every 2 weeks during the sampling period. Each treatment was replicated three times. Traps were examined on a weekly basis for H. halys adults and nymphs, and treatment positions were re-randomized.
To analyze the data, two repeated-measure anovas were constructed, one for each life stage of H. halys (adults and nymphs). A first-order autoregressive correlation/covariance matrix was used to model the dependence among sampling points. Treatment (GLV, Pher or GLV + Pher) was used as an explanatory variable. The assumptions for an anova were not fulfilled; thus, the data were log-transformed. Tukey's HSD was employed for pairwise comparisons.
plant volatile and pheromonal field trapping
In 2016, the trapping experiment was expanded to incorporate the other plant volatile mixtures represented in the host foraging assay. As in 2015, large black pyramid traps were used to trap H. halys adults and nymphs. This was a two-way factorial experiment, with traps baited with or without the H. halys aggregation pheromone + MDT (as described for the GLV assay), as well as baited with or without plant volatile mixtures (apple, peach or GLVs, as described in Table 1 ). Unbaited traps were not included within each transect because they capture very few H. halys (Leskey et al., 2015b) . Pheromone lures were replaced every 8 weeks, whereas the plant volatile mixtures were replaced every 2 weeks. Deltamethrin-infused netting (length 15.2 cm, width 15.2 cm; Zerofly, Vestergaard Frandsen Inc., Washington, District of Columbia) was used to line the funnel within the collection jar to kill adult and nymph H. halys because prior research has shown that it is effective for the duration of the sampling period without needing to be changed (Kuhar et al., 2017) . The treatments were arrayed in a transect of seven traps, each spaced 50 m apart to avoid trap interference. A total of four transects were deployed at the Appalachian Fruit Research Station in Kearneysville, West Virginia, from 10 May to 4 October 2016. Traps were checked for H. halys adults and nymphs and re-randomized on a weekly basis within transect to avoid positional effects.
To analyze the semiochemical assay, a repeated measures generalized linear model was used with an underlying quasi-poisson distribution to account for overdispersion. A first-order autoregressive variance/co-variance matrix was used to model the dependence between sampling points. Explanatory variables in the model included the presence of H. halys pheromone (present or absent), as well as plant volatiles (apple, peach, GLVs or none). To be comparable with previously published literature on H. halys, the season was split into three periods: early (10 May to 14 June), mid (15 June to 14 August) and late (15 August to 4 October 2016). However, because no captures occurred in the early period, it was excluded from the final analysis. Upon a significant result from the model, multiple comparisons were made using the R package multcomp for generalized linear models (Bretz et al., 2010) .
Results
Host foraging assay
In terms of retention time, the presence of the H. halys aggregation pheromone significantly increased the time that released adults stayed on plants (anova: F 1,281 = 19.6, P < 0.0001) ( Fig. 1) , with adults remaining on a plant 2.5 times longer, on average, with the addition of pheromone across other treatments. The plant species that an adult H. halys was released on significantly influenced its retention time (F 2,281 = 8.89, P < 0.0001). In particular, adults stayed on baited peach and apple approximately 1.3-1.5 times longer than baited Japanese maple (Fig. 1B) . Additionally, the presence of supplemental plant volatiles with a plant increased retention time of adults (F 3,281 = 10.0, P < 0.0001), overall by 2.9 times relative to plants that lacked these stimuli (Fig. 1A) (note the overall boost in retention in treatments with plant volatiles). There appeared to be a slight quantitative host plant species by pheromone interaction, although this was not significant in the final model (F 2,281 = 2.66, P = 0.072). However, there was a significant host plant species by plant volatile interaction (F 6,281 = 4.02, P < 0.001). As a result, the addition of plant volatiles appeared to disproportionately increase the retention time of adults released on plants that were already somewhat attractive and baited with pheromone, such as peach and apple, compared with a unacceptable host such as Japanese maple (Tukey's HSD) (Fig. 2) . Finally, there was a significant pheromone by plant volatile interaction (F 3,281 = 2.99, P < 0.05), which resulted from the pheromone being more effective at increasing the retention time of adults in the presence of plant volatiles compared with their absence (Tukey's HSD) (Fig. 2) .
With regard to the distance moved by H. halys adults from the release point during the host foraging assay, the presence of pheromone resulted in significant differences in distance moved (anova: F 1,281 = 4.67, P < 0.05), with adults moving two-thirds of the distance on hosts with pheromone compared with hosts without it (Fig. 3) . Furthermore, the plant species that an adult was released on significantly altered the distance moved by adults from the release point (F 2,281 = 48.3, P < 0.05). For example, adults moved approximately three times less on more acceptable host plants such peach and apple compared with an unacceptable host such as Japanese maple (Tukey's HSD) ( Fig. 3) . Moreover, the presence of supplemental plant volatiles decreased the distance moved by adults (F 3,281 = 2.99, P < 0.05), with adults moving two-thirds of the distance on hosts with additional plant volatiles in the vicinity compared with plants lacking plant volatiles across other variables. There was no significant interaction between plant species and pheromone (F 2,281 = 1.29, P = 0.275) or between the presence of pheromone and plant volatiles (F 3,281 = 0.634, P = 0.593) on the distance moved by H. halys. However, there was a significant interaction between plant species and the presence of plant volatiles (F 6,281 = 3.41, P < 0.01) on the distance moved by adults (Fig. 4) . For example, although plant volatiles did not result in significant decreases in movement on Japanese maple (an unacceptable host), they did on peach and apple (Tukey's HSD) (Fig. 4) .
Beat sample assay
A total of 208 H. halys adults were collected from beat samples. The presence of the H. halys aggregation pheromone with a plant significantly increased the abundance of wild adults (anova: F 1,96 = 19.6, P < 0.0001) (Fig. 5A ). Supplemental plant volatiles at host plants did not significantly affect the abundance of wild adults (F 3,96 = 0.516, P = 0.672); however, the plant species did (F 2,96 = 9.45, P < 0.001). For example, there were 10-11 times more wild adults recovered from beat samples on apple and peach, respectively (Tukey's HSD) ( Fig. 5A ) than were recovered from Japanese maple. There was a significant interaction between plant species and pheromone (F 2,96 = 5.52, P < 0.006). However, there was no significant interaction between host plant species and supplemental plant volatiles (F 2,96 = 0.169, P = 0.985) or plant volatiles and pheromone (F 3,96 = 1.66, P < 0.181).
In total, only 24 H. halys nymphs were found at the hosts with various stimuli during beat sampling in 2015, none of which were recovered from Japanese maple. Similar to adults, the presence of the H. halys aggregation pheromone significantly influenced the abundance of nymphs found on a plant species (F 1,96 = 42.0, P < 0.0001). Only a single nymph was found on plants lacking the aggregation pheromone (Fig. 5B) . Additionally, the host species affected attraction by nymphs (F 2,96 = 14.9, P = 0.0001), with almost twice as many nymphs on peach compared with apple. However, the presence of supplemental plant volatiles (F 3,96 = 0.130, P = 0.942) did not alter attraction by nymphs. Interestingly, there was an interaction between the host plant species and presence of pheromone (F 2,96 = 3.22, P < 0.05), with increased captures of nymphs at apple and peach trees with pheromone compared with Japanese maple with pheromone (Tukey's HSD) (Fig. 5B ). There was no significant interaction between the host plant species and plant volatiles (F 2,96 = 0.0435, P = 0.999) or plant volatiles and pheromone (F 3,96 = 1.11, P = 0.350) on the attraction of nymphs to plant species.
GLV and pheromone field trapping
Overall, 403 H. halys adults were captured over the 7-week sampling period in black pyramid traps. Lure treatment deployed in a trap significantly influenced the number of adults captured (anova: F 2,60 = 6.40, P < 0.004), with only a single adult captured in the absence of the the H. halys aggregation pheromone (Fig. 6) . The presence of GLVs did not influence the capture of adults (Tukey's HSD) (Fig. 6) .
Across the sampling period, the traps captured 295 H. halys nymphs. The presence of pheromone in a trap significantly influenced the abundance of nymphs captured (anova: F 2,60 = 80.0, P < 0.0001). In particular, traps with the H. halys aggregation pheromone captured 86-208 times more nymphs than traps without it (Tukey's HSD) (Fig. 6 ). The traps with GLVs plus pheromone captured half of the nymphs compared with traps with pheromone alone (Fig. 6) .
plant volatile and pheromonal field trapping
Over the course of the 2016 trapping study, 756 H. halys adults were captured, all in the mid-and late-season. The presence of the H. halys aggregation pheromone significantly increased the captures of adults (repeated measures GLM: 2 = 154.6, d.f. = 1, P < 0.0001). Across other treatments, pheromone-baited traps captured 32 times more adults than traps without pheromone (Fig. 7A) . The presence of supplemental plant volatiles did not have a significant influence on trap captures ( 2 = 1.20, d.f. = 3, P = 0.815). Finally, the sampling period had a significant effect on the captures of H. halys ( 2 = 170.8, d.f. = 2, P < 0.0001), with 13 times more adults captured in the late season than Table 1 ). Adults were tracked with harmonic radar at periodic intervals afterwards up to 24 h. Bars with shared uppercase letters are not significantly different from each other (Tukey's honestly significant difference, = 0.05). GLV, green leaf volatile. [Colour figure can be viewed at wileyonlinelibrary.com].
the mid-season. There was no significant interaction between pheromone and plant volatiles ( 2 = 0.178, d.f. = 2, P = 0.915), pheromone and period ( 2 = 0.125, d.f. = 2, P = 0.724) or plant volatiles and period ( 2 = 4.64, d.f. = 6, P = 0.200).
Overall, in 2016, traps captured 449 H. halys nymphs, all in the mid-and late-season. The presence of the H. halys aggregation pheromone resulted in significant differences in trap captures ( 2 = 54.5, d.f. = 1, P < 0.0001), for example, with pheromone-baited traps capturing 55 times more nymphs than traps without pheromones (Fig. 7B) . Moreover, the presence of plant volatiles also significantly decreased trap captures of nymphs ( 2 = 31.1, d.f. = 3, P < 0.0001). Overall, traps with plant volatiles captured 1.7-2.8 times fewer nymphs than traps without plant volatiles (Tukey's HSD) ( Fig. 7B) , depending on the volatile mixture. In addition, four times more nymphs were captured in the late season relative to the mid-season ( 2 = 40.7, d.f. = 2, P < 0.0001). Finally, there were no significant interactions between pheromone and plant volatile deployment ( 2 = 0.735, d.f;. = 2, P = 0.693), pheromone and sampling period ( 2 = 0.005, d.f. = 1, P = 0.945), or plant volatiles and period ( 2 = 5.99, d.f. = 3, P = 0.112) on trap captures. 
Discussion
The present study is the first to evaluate the behavioural response of H. halys to interactions between plant-produced volatiles, pheromonal stimuli and plant species in the field. We have been able to establish several aspects of the chemical ecology of H. halys. First, plant species affects the retention capacity of H. halys in the field, with the most acceptable hosts from the present study being peach and apple. Broadly, there are several factors that affect host acceptability to phytophagous. These include plant chemistry, plant emissions and insect behaviour, in addition to genetic variation in either the plant or insect, and ecological sieves that may restrict diet breadth (Jaenike, 1990) . Halyomorpha halys is extremely polyphagous, feeding on 100+ species of plants (Leskey et al., 2012a; Rice et al., 2014; www.stopbmsb.org) . However, even for such a generalist, previous work has demonstrated that certain crop species, such as sorghum and sunflower, are more attractive than other crops to H. halys (Nielsen et al., 2016) . Specifically, a trap crop of sunflower and sorghum has been shown to be promising in attracting and retaining H. halys adults compared with a cash crop of bell pepper (Soergel et al., 2015; Blaauw et al., 2017) . Acebes-Doria et al. (2016) has reported that leaves alone of any host, even a highly preferred one, were not suitable for the development of H. halys nymphs, although the diet became more suitable once fruits were included. This hints at an especially important role for host fruit stimuli. Research with other stink bugs, such
as Euschistus conspersus Uhler, has shown that there is a synergistic effect on attraction when the aggregation pheromone of that species is paired with an attractive host plant (e.g. mullein, Verbascum thapsus L.) (Krupke et al., 2001) . The pattern of food volatiles synergizing attraction to a pheromone has also been more broadly demonstrated as well; for example, with the boll weevil Anthonomus grandis (Dickens, 1989) . Taken together with prior data (Acebes-Doria et al., 2016; Morrison et al., 2016; Blaauw et al., 2017) , the present study strongly indicates that host stimuli (construed broadly as the visual, auditory, gustatory, thermal and volatile stimuli) are important for the foraging of H. halys. Perhaps unsurprisingly, the presence of the H. halys aggregation pheromone provided the most consistent boost to the attraction and retention of H. halys in the field at traps and host plants (with MDT). There has been ongoing work with the discovery, development and refinement of H. halys pheromone-based technology for over a decade (Khrimian, 2005; Khrimian et al., 2008 Khrimian et al., , 2014 Leskey et al., 2012b; Weber et al., 2014; Leskey et al., 2015a) . At this point, traps baited with available pheromonal stimuli are very effective in capturing H. halys adults and nymphs, as well as males and females, throughout the growing season in both its native range and its introduced range (Leskey et al., 2015b; Morrison et al., 2015) . Pheromone technology has also been deployed to bait select trees and create attract-and-kill sites (Morrison et al., 2016) . In the present study, the primary determinant of captures in pyramid traps baited with semiochemicals was the presence of the H. halys aggregation pheromone plus MDT. Interestingly, the pheromone was more effective at retaining adults when combined with apple (a less acceptable host) than with peach trees (a more acceptable host: Acebes-Doria et al., 2016) . The pheromone appeared to be least effective in increasing retention capacity of H. halys when combined with an unacceptable host such as Japanese maple.
The plant volatiles used in the present study (apple, peach, GLV mixtures) increased the retention capacity of adults on plant species to some degree. It is notable that, overall, the effect on retention capacity appeared to be consistent across plant volatile mixtures tested, despite the fact that some contained only GLVs, whereas others were based on peach and apple fruit volatiles. Importantly, every plant volatile mixture contained several GLVs, some of which were shared between mixtures, suggesting that GLVs may play an important role in foraging decisions by H. halys adults. This was the case even though the apple and peach volatile blends were more complex than the GLV blend; nonetheless, the GLV blend contained some of the most common GLVs produced by plants (Matsui, 2006) . The baits represented significant point-sources of volatiles whose emissions are likely to be higher than the background constitutive emissions by plants. Surprisingly, despite an increase in the retention capacity, traps baited with the plant volatiles only resulted in extremely low captures of adults and nymphs, whereas the additional plant volatiles appeared to have no effect on the captures of adults in pheromone-baited traps. By contrast, adding the plant volatiles to traps with pheromonal stimuli resulted in a potential inhibitory effect of nymphal captures.
There are two possible explanations for this finding. First, although H. halys may use the plant volatiles as a food cue at lower concentrations, the high concentration in the trap collection jars could have induced inhibition. Prior research by Zhang et al. (2014) found that a host of plant essential oil blends (clove, lemongrass, and spearmint oil), as well as individual plant volatiles from those essential oils (e.g. l-carvone, eugenol, trans/cis-citral, methyl benzoate, pulegone, methyl salicylate, -caryophyllene, among others), resulted in inhibition of otherwise attractive traps. Although -caryophyllene was a minor component of the peach fruit mixture, none of the other volatiles previously described as inhibitory was present in the current study. The second possibility is that the area of arrestment may be larger for these plant volatiles compared with the aggregation pheromone (approximately 2.5 m) (Morrison et al., 2016) , increasing the likelihood that foraging H. halys remained outside the range of capture by the jar mechanism on the trap. In either case, the plant volatile blends tested in the present study should not be incorporated into pheromone-based monitoring tools for H. halys.
Importantly, the plant volatiles used in the present study appeared to be more effective at retaining H. halys adults when combined with host plants (apple and peach) but not with an unacceptable host (Japanese maple). Our data suggest that there are important host stimuli in addition to the chemical cues from our current plants, which may need to be taken into account when trying to attract H. halys to unacceptable host plants or structures. This may include visual stimuli because visual cues are important for H. halys orientation to pyramid traps (Leskey et al., 2012b) and they also were shown to be an important factor modulating the response of other true bugs to olfactory cues (Reisenman et al., 2000) . Additionally, this may also include gustatory cues because H. halys often probes into host plants (Wiman et al., 2014) . Furthermore, feeding by H. halys induces changes in the nutritional quality of some plants, making them less preferred by conspecifics afterwards (Zhou et al., 2016) , suggesting an important role for fruit gustatory and volatile cues.
In general, Szendrei and Rodriguez-Saona (2010) found that plant volatiles have an intermediate effect on attraction by insect herbivores, although there was great variation among studies. Volatiles appear to provide a small increase in the retention capacity of H. halys, although it also appeared to be repellent to nymphs in traps. Effective pheromonal stimuli for H. halys, on the other hand, provided the most consistent increase in both attraction and retention capacity of the species but were most effective when deployed on certain hosts (e.g. apple and, to a lesser extent, peach). This indicates that other host stimuli may also be important beyond mixtures of plant volatiles (but see also Webster & Cardé, 2017) or that the plant volatile mixtures used in the present study were not optimized for H. halys either in emission rate, concentration or deployment strategy. Future work should expand research into the underexplored topic of host stimuli, including other possible plant volatiles, and attempt to relate the attraction of plants in the field to the headspace volatiles from the plant and other host stimuli as they change through the season.
